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ABSTRACT
Design changes are a frequent occurrence over the life of a product that may be
initiated by an update to the product functionality, new customer needs, or generational
improvements. The costs associated with these changes are undesirable, and are often
times greatly inflated by additional, unanticipated changes that result from change
propagating throughout the system. Propagation paths occur when an initiating change to
a component necessitates subsequent changes to coupled components, as the change
continues to propagate throughout the product architecture. The nature of this change
propagation is challenging to characterize and accurately predict. To address this issue, a
change prediction method is developed that builds upon current change management
strategies. The method is comprised of: (1) a design structure matrix (DSM) to model the
relationships and connectivity within a system, (2) coupling index (CI) values (ranging
from 0 to 1) that assess the likeliness of a change to one component/feature affecting
another, and (3) design for manufacturing (DFM) information to provide an estimate of
the cost and impact of a change.
The method can either be applied at the component level, or through further
decomposition, at the interfacing feature level. Modeling the relationships between
interfacing features, as opposed to components, offers a more detailed representation of
change, but requires more knowledge of the system that may not be available in the
earlier stages of design. When evaluating a propagation path, the coupling index values
are multiplied together as the path extends, to produce a decreased probability for higher
orders of coupling. The proposed change prediction method is applied on three industry
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examples: BMW X5 headliner and center console assemblies, and a Ryobi drill assembly.
The method is shown to produce viable results that allow for informed decisions during
change management. These results show that the objective measures of coupling and
manufacturing cost of change are effective approximations. A comparison of the results
from the component and feature based methods show that a feature level analysis offers
improvements in accuracy, and sensitivity to uncertainty and path representation.
Furthermore, the method proves to be a valuable tool during the initial design of a
product, as it can be used to identify features, interfaces, and manufacturing types that
will lower a product’s overall ease of change.
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CHAPTER ONE
RESEARCH MOTIVATION

The principle objective of this thesis is to develop a change prediction method to
better model the change propagation within a system, and assess the difficulty and cost
of initiating changes. Specifically, this research aims to develop a change prediction
method that is based on objective measures of component/system coupling and
manufacturing change costs.
The motivation for this research derives from the costs that are accrued yearly in
industry due to a lack of understanding of the effects of an initiating change on the
product architecture [1, 2]. Changes to existing designs are a frequent occurrence in
industry that may be required to update the product functionality, meet new customer
needs, or realize changes in requirements [3]. The costs associated with these changes are
undesirable, and often times far greater than necessary. An initiating change to a
component can cause subsequent changes to coupled components, as the change
propagates throughout the system. The nature of this change propagation is challenging
to characterize, and can inflate costs far past that of the initiating change. The direct
effects of a change are difficult to account for, but the challenge is furthered by trying to
predict the indirect changes that occur. The indirect changes, in particular, are often
unforeseen, as industry engineers estimate that typically 5% to 50% of changes are
unexpected [4]. An accurate means of predicting how change propagates though a
product architecture will allow for an informed decision on where changes should occur,
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and may encourage designers to make necessary changes. This could lead to cost savings,
and allow designers to account for change flexibility in initial designs. Further, it may
enable designers to make strategic decisions about their designs to make them easier to
change, saving time and money down the road when changes are required.

1.1 Summary of Current Change Management Strategies
The first step to understanding and characterizing change propagation is to
develop a visualization or representation of the connectivity and propagation paths within
a system. The first representation commonly used in change prediction models is a design
structure matrix (DSM) [5]. A traditional DSM models the direct links in a system using
numerical or binary representations [6, 7]. The advantage of a matrix-based model is that
it offers an intuitive and concise means of data representation that is easy to populate. It
is also easily integrated into software, which reduces the required computational effort,
and allows for the analysis of more complex systems. A limitation to the DSM is that it
cannot visually model the indirect linkages in a system. To help address the limited
information capacity of a traditional DSM, color coding and symbols can be added, such
as in the change risk plot developed by Jarratt and colleagues [8]. The change risk plot
models a system’s connections using rectangles, in which the rectangle’s width represents
the likelihood of change, height represents the relative impact of change, and area
represents the overall risk of change.
Propagation networks and trees provide a graphical model of a system that
visually lays out all the direct and indirect links in a propagation path [9, 10]. Each
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network or tree is centered around a root component from which all the propagation paths
originate. The radial distances between the root component and the other components can
be used to represent the combined risk or level-distance values [11]. The advantage of a
graphical representation is that it can visually model the indirect links, meaning that the
full extent of the propagation paths are shown. This comes with a limitation, however, as
they can become cumbersome and time consuming when modeling more complex
systems. A graphical representation is also more difficult to integrate into software,
which increases the required computational effort.
There are many different approaches and strategies that are used to manage
change in current literature. Clarkson and colleagues present a change prediction method
(CPM) that assesses the overall risk of a change to a component in terms of its effect on
the entire system [4, 12]. A product is first decomposed, and a DSM is used to model the
dependency between components. Using the established relationships, two DSMs are
generated to model the direct likelihood and impact between component changes. The
values populated within the DSMs are based on historical data and subjective estimations
of the average probability that a change in one sub-system will lead to a change in
another, and the average proportion of design work that will result from the change [4].
Propagation trees are then used to model the full extent of the propagation paths between
components, which allows for predictive likelihood and impact of change matrices to be
produced. Combining these matrices yields a risk of change matrix, which provides a
measure of a component’s change influence and susceptibility [4, 12].
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Bashir and Thomson propose a method to estimate product complexity and
predict design effort using historical data from similar designs [13-15]. The method
predicts the design effort of a future product by assessing the change in “productivity”
from similar past designs to the current design. Productivity is scaled up or down based
on factors such as product complexity, severity of requirements, and the efficiency of the
design team and the processes used [13]. Some of these factors, such as the product
complexity [16], are based on defined measures, but for the most part, they are
subjectively assessed by experienced engineers.
Giffin and colleagues present an analysis that can be used to model change
propagation in complex technical systems [1]. Larger, more complex systems are
challenging to evaluate with the majority of change management strategies because of the
amount of information that must be processed and analyzed. Three measures are
proposed that use the data from previous changes to yield insight into the nature of
change propagation in a system. These measures evaluate whether a component is
generally accepting of change (CAI) or tends to reflect change (CRI), along with
assessing its propensity for change (CPI) [1, 17]. The values produced by the measures
indicate whether a component is generally an originator or absorber of change, and can
be used to target areas for redesign.

1.2 Challenges and Research Opportunities
The challenges associated with developing a change prediction method, as
identified in the review of current change management strategies, are summarized as:
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The development of a method to model the relationships within a product that is
based on a systematic, objective process.



Evaluation of the manufacturing cost of changes that is not reliant on human
interpretation or historical change data.



The development of a representation to capture the nature of change propagation
in a system.



The development of a method that is expansive and accurate, while still being
computationally practical.

1.3 Research Questions and Hypotheses
To accomplish the principle objective of developing a change prediction method
to assess the difficulty and cost of initiating changes, a set of requirements must be
established that address the identified challenges. These requirements are then mapped to
three research questions in Table 1.
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Table 1: Mapping the requirements to research questions
Requirements









Research Questions

Evaluate the level of coupling between
components to assess the probability of change
propagating from one component to another
Assess the manufacturing costs associated with
changes
Model the connectivity within a system,
including the direct and indirect coupling, and
the resulting propagation paths
Identify the sub-systems that should and should
not be targeted for change
Evaluate the relative design effort required for
redesigns
Be computationally practical
Be easily integrated into software
Identify areas and means for improving the
overall ease of change of a system

RQ1a: What factors affect
change propagation and impact,
and how can they be incorporated
into a simple and effective
method of predicting change?
RQ1b: What form of modeling
will be most efficient in
incorporating the determining
factors?
RQ3: What are the benefits and
costs of modeling a product at the
feature level over the component
level?
RQ2: Can the proposed method
be used as a tool during the initial
design of a product to optimize its
overall ease of change?

The three research questions that are formulated in Table 1 are then summarized
into a primary research question. Primary and supporting hypothesis are developed to
address the research questions based on the knowledge gained from the assessment of
current change management strategies. The primary and supporting research questions,
along with the correlating hypotheses are shown in Table 2.
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Table 2: Research questions and hypotheses
Research Questions
Primary Research Question:
How can change propagation
within a system be modeled to
better predict the difficulty and
cost of initiating changes?
RQ1a: What factors affect
change propagation and impact,
and how can they be incorporated
into a simple and effective
method of predicting change?
RQ1b: What form of modeling
will be most efficient in
incorporating the determining
factors?
RQ2: Can the proposed method
be used as a tool during the initial
design of a product to optimize its
overall ease of change?
RQ3: What are the benefits and
costs of modeling a product at the
feature level over the component
level?

Research Hypotheses
Primary Hypothesis: A DSM based approach will
provide a simple and concise means of modeling the
connectivity and propagation paths within a system.
Objective level of coupling and manufacturing
assessments will increase the accuracy and reliability
of the difficulty of change estimates.
Hypothesis 1a: The level of coupling between
components affects how change propagates through
a system, and the cost associated with a
manufacturing change to the components will allow
for an overall assessment of the difficulty or impact
of a change.
Hypothesis 1b: A DSM will offer a model that is
easily populated and visualized, and can be
integrated into software to allow for efficient
calculations.
Hypothesis 2: The proposed method will provide
recommendations of features, interfaces, and
manufacturing types that will lower a product’s
overall ease of change.
Hypothesis 3: A more detailed model of change that
focuses in on the relationships between interfacing
features, as opposed to components, will result in a
better estimate of change difficulty, along with
identifying specific aspects of a product to study.
This will come at the cost of being more time
consuming, and requiring more knowledge of the
system that may not be available during earlier
design stages.
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1.4 Outline of Thesis
An illustration of the organization and content of the thesis is provided in Figure
1. The major themes of each chapter are specified, along with their relevance to the
overall research.

Figure 1: Outline of thesis
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CHAPTER TWO
LITERATURE REVIEW

This chapter provides a frame of reference and basis for the proposed change
prediction method through a detailed discussion of relevant literature. The research that is
presented focuses on defining change propagation and impact, and identifying the
determining factors that effect change propagation within a system. The different means
of visually representing change propagation within a system are also discussed, along
with their respective advantages and disadvantages. Finally, current change prediction
methods are discussed, and their limitations are identified to provide a basis for the
opportunities for improvement that exist in the change prediction field.

2.1 Change Propagation
Change propagation is generally defined as a progression where a change to one
component or element of a system brings about sequential changes to one or more
additional components or elements in the system [1, 18]. These additional changes are
undesirable, as they can greatly increase the cost associated with the initial change.
Research on change management in industry has found that “only 11% of all companies
were able to provide a precise list of items affected by a change in the development of a
single product” [1]. Thus, a better understanding of change propagation within products
can lead to minimizing the unwanted additional changes that occur in complex designs.
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To gain a better understanding of change propagation within products, the
determining factors must be identified and assessed. The major factor in determining the
level of change propagation in a product is the complexity of that product. There are
many definitions of complexity [19, 20], but in this research, complexity can be defined
as the level and number of connections between components or elements within a
product [21, 2, 22-24]. Suh among others stress that product complexity should always
be minimized by creating a one-to-one mapping between the physical architecture and
the functions of a product, along with minimizing, and if possible, eliminating coupling
between the elements of a system [25-27]. This creates minimal information content, and
thus minimizes change propagation within a product. However, this represents the ideal
layout of a product’s architecture, and few products are able to achieve such a goal.
The nature of the coupling between components or subsystems within a product
is also a key to understanding change propagation. Coupling between two components
occurs when a change to one of the components necessitates a change to the other. This
coupling can occur because of a physical connection between components, or because of
a functional connection. In this research, only the physical connections will be
considered. Different levels of coupling can occur between components, so the level of
coupling is generally defined based on the likeliness that a change to one component will
change the other [28]. Martin and Ishii [29, 30] address this by developing a Coupling
Index (CI), which bases the level of coupling off of a subjective 1-10 rating. A high
rating means that there is a high sensitivity between the initiating and receiving
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components, while a low rating means there is a low sensitivity between the initiating
and receiving components.
Components or subsystems can be designated or classified based on their effect
on change propagation paths within a product. The general classifications consist of [31]:


Constants: Components that have no effect on a change propagation path; they do
not absorb change or cause change. Because of this, they have no effect on the
degree of change propagation.



Absorbers: Components that absorb more change than they cause. They reduce
the degree of change propagation.



Carriers: Components that absorb about the same number of changes as they
cause. They have little or no effect on the degree of change propagation.



Multipliers: Components that cause more changes than they absorb. They
increase the degree of change propagation.

2.2 Change Propagation Representations
The first step to understanding change propagation within a system is to develop
a visualization or representation of how an initiating change will propagate throughout
that system. Modeling change propagation in complex products can be challenging, but
in general, a change propagation representation must be able to model the coupling
between direct and indirect linkages, thus yielding the connectivity and propagation
paths within a product. Methods commonly used to model change propagation are design
structure matrices (DSMs), propagation networks, and propagation trees.
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2.2.1 Design Structure Matrices
Matrix-based forms of modeling are often used in change prediction methods
because they offer a simplistic means of analyzing relations within complex engineering
systems [5, 32]. Matrices generally offer a more compact, systematic, and less time
consuming method for modeling change propagation, in comparison to more extensive
models such as propagation networks [33-35]. There are many different classifications
and applications of matrix-based modeling [36-38], but the most frequently used
modeling method is the design structure matrix (DSM) [39]. Design structure matrices
are an effective way to visualize and map the connectivity within a product. In a
traditional component-component DSM, the direct links between the components or
subsystems are modeled using a numerical or binary representation [6, 40, 7, 41]. This,
however, has a limitation in that it cannot display indirect linkages, which can lead to
inaccurate models of change propagation especially when analyzing a complex product.
To address this issue, more information can be included in the DSMs, such as using a
color coding scheme to represent the different linkage types within a product [11]. Figure
2 shows an example of a DSM for a diesel engine in which all the mechanical static links
are highlighted.
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Figure 2: A DSM of a diesel engine [11]
As shown in Figure 2, the DSM allows for a quick identification of the connectivity of a
component. In the case of the diesel engine, the cylinder head and block assemblies are
identified as having a relatively high level of connectivity.
Another form of DSM, proposed by Jarratt and colleagues [8], is a change risk plot.
The change risk plot provides a visualization of the combined risk of a change to one
component, if another component is changed. In the DSM, the width of the plotted
rectangles represents the likelihood of a change, while the height represents the relative
impact of that change. Therefore, the area of each rectangle represents the overall risk,
and a color-coding is used to allow for a quick identification of the high-risk connections
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[4, 42]. The main drawback to the change risk plot is that it does not provide any
visualization of the direct and indirect links, and the overall propagation paths. Figure 3
shows a change risk plot for a diesel engine.

Figure 3: Change risk plot of a diesel engine [11]
The columns in the change risk plot show the risk of a change in each sub-system
propagating to the rest of the system. Therefore, the rows show each sub-system’s
susceptibility to change propagation from the other sub-systems. As shown in Figure 3,
the change risk plot identifies the fuel injection assembly as being the largest source of
change propagation. It is shown to have numerous high risk connections to both directly
and indirectly linked components. Alternatively, it is also shown to be relatively
insusceptible to change propagation originating from the other components.
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2.2.2 Propagation Networks and Trees
A propagation network or tree provides a visual layout of a system that includes
all the direct and indirect links. For each propagation network or tree, a root component is
selected as a starting point. The radial distances between the root component and every
other component represent the combined risk or level-distance values. This allows for a
visualization of the change propagation paths (including direct and indirect links) and a
representation of the risk level for every component based on a change in the root
component [9, 10]. In more complex products, the size of the propagation network can
become cumbersome and difficult to process, so generally a focus component is also
chosen in addition to the root component. The focus component, along with any closely
connected components, is shown and assessed in greater detail. Many times the focus
component will be chosen because it represents the shortest path to the root component.
The difference between a propagation network and a propagation tree is that the tree
shows multiple propagation paths at the same time. Therefore, components may appear
multiple times in the propagation tree representation [11]. An example of a propagation
network for the diesel engine assembly is shown below in Figure 4. Figure 5 shows an
example of a propagation tree for the same diesel engine assembly with the fuel injection
assembly chosen as the initiating component.
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Figure 4: Propagation network of a diesel engine with the fuel injection assembly as
the root component [11]
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Figure 5: Propagation tree of diesel engine with the fuel injection assembly as the
initiating component [11]
The propagation network (refer to Figure 4) offers a more compact representation, which
allows for more information to be included. Furthermore, it allows for a better
visualization of a component’s overall connectivity. The propagation tree (refer to Figure
5), while less compact, offers a better visualization of the propagation paths within an
assembly, and allows for an easier integration of the level of coupling between linkages.

2.2.3 Comparison of the Change Propagation Representations
The change propagation representations discussed in the previous sections all
offer distinct advantages and disadvantages when it comes to aspects of visualization,
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software compatibility, and efficiency. A comparison of the capabilities of the four
previously discussed representations is shown in Table 3.
Table 3: Comparison of the capabilities of the change propagation representations
(adapted from [11])
Criteria
Models direct
linkages
Models indirect
linkages
Allows for
visualization of
propagation paths
Allows for
visualization of
component
connectivity
Shows level of
coupling between
linkages
Allows for efficient
calculations and
software
implementation
Time efficient

Traditional ComponentComponent DSM

Change
Risk Plot

Propagation
Network

Propagation
Tree

+

-

+

+/-

-

+

+/-

+/-

-

-

+/-

+

+/-

+/-

+

+/-

+/-

+

+/-

+

+

+/-

-

-

+

+/-

-

-

As shown in Table 3, there is not a representation that is clearly better than the others
when all the criteria are taken into account. This necessitates that a compromise must be
made based on what is required or desired for the particular model that is used for change
prediction.
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2.3 Change Prediction
An accurate means of predicting how change propagates throughout a product can
lead to huge cost savings and better change management in industry. There are many
different approaches to predicting change, but in general, a change prediction method
must be able to identify the determining factors in change effort and be flexible in its
application. Three relevant change management strategies that are discussed are the
change prediction method, the analogy-based model for estimating design effort, and the
change propagation analysis for complex technical systems.

2.3.1 Change Prediction Method
In order to accurately assess change complexity and costs, Clarkson and
colleagues present a change prediction method (CPM) that calculates the probability of
change propagation in a system [4, 12]. An illustration of this method is shown below in
Figure 6.
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Figure 6: Change prediction method [4]
The first step in this method is to decompose the product into sub-systems based on the
level of detail that is desired. The higher the level of detail, the more time consuming the
method becomes, so a balance must be maintained. The next step is to create direct
likelihood and direct impact design structure matrices to model the direct links in the
system [4]. Clarkson and colleagues define likelihood as “the average probability that a
change in the design of one sub-system will lead to a design change in another by
propagation across their common interface. Likewise, impact is defined as the average
proportion of the design work that will need to be redone if the change propagates [4].”
The likelihood and impact values that are used to populate the DSMs, are drawn from the
history of previous design changes or the knowledge of experienced engineers. The
values are assigned on a 0-1 scale. A DSM of the direct risk is then created by taking the
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product of the direct likelihood and impact [4]. An illustration of this process is shown in
Figure 7.

Figure 7: Direct likelihood, impact, and risk DSMs [4]
Next, predictive matrices are created to model the indirect links in the system, and
the change propagation through these links. Change propagation trees are created for
each component, with that component being the source of change. This allows for the
combined effects to be calculated based on the levels at which the components are
indirectly linked. An example of a change propagation tree with sub-system a as the
source of an initiating change and b as the affected sub-system is shown below in Figure
8.
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Figure 8: Partial change propagation tree [4]
The propagation trees are then represented mathematically with the horizontal lines
defined as

(or) and the vertical lines defined as

(and). The combined likelihood (L) is

then calculated by summing the and/or evaluations starting at the bottom of the tree and
ending with the initiating sub-system. The and evaluation is mathematically defined
using Equation 2.1, and the or evaluation is mathematically defined using Equation 2.2
[4].

lb,u
lb,u

lb,v

lb,u

lb,v

lb,v

(lb,u

lb,v )

lb,u

lb,v

(2.1)

1 ((1 lb,u ) (1 lb,v ))

(2.2)

where lb,u and lb,v are the direct likelihood values between the affected sub-system b and
sub-systems u and v. The combined risk of change propagating from one sub-system to
another sub-system is then calculated using Equations 2.3 and 2.4 [4].

Rb,a

1

(1

l i

b,u

b,u

u,a b,u b,u
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)

(2.3)
(2.4)

where Rb,a is the combined risk of change propagating from a to b, ρb,u is the risk of
change propagating from u to b, σu,a is the likelihood of change reaching sub-system u
from a, lb,u is the direct likelihood of change propagating from u to b, and ib,u is the direct
impact of change propagating from u to b. Finally, the combined impact (I) of change
propagating from a to b is calculated using Equation 2.5 [4].

Ib,a

Rb,a / Lb,a

(2.5)

A summary of this process is shown below in Figure 9.

Figure 9: Model of the change prediction method [4]
The predicted likelihood, risk, and impact of change that are produced by the CPM
method can then be presented in a change risk plot (as seen in Figure 3), or a risk graph
[43].
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The change prediction method is shown to have value as a tool that can be used to
assist designers in selecting the least costly modifications during redesign. It is generally
considered to be one of the most advanced and expansive change prediction methods
available [44]. It does, however, have some key drawbacks that offer room for
improvement. The most significant drawback to the change prediction method is that it
bases all the predictive measures on the initial likelihood and impact relationships, which
are assessed based on data from previous changes or the knowledge of experienced
engineers [45, 46]. Thus, for a newer product with little or no historical data, the change
prediction method may not provide the level of accuracy that is desired. Furthermore,
because the likelihood and impact relationships are based on human interpretation, they
will inherently contain uncertainty that will propagate to the final predictive measures. A
more systematic approach that takes as much of the human interpretation out as possible
will yield more consistent and reliable results. Furthermore, it will make the method more
flexible, allowing it to be applicable in situations where there is not any previous data or
experience. The direct impact values in the method assess the degree to which a
component will be affected by a change, but they do not evaluate the cost associated with
those changes. A means of modeling the cost sustained during manufacturing due to
changes to a component would provide a more accurate and extensive representation of
change effort. The change prediction method is also computationally intensive and can
become very time consuming when analyzing larger and more complex systems. To
further this problem, it is not easily implemented into software, so additional effort is
required to make the method computationally feasible.
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2.3.2 Analogy-based Model for Estimating Design Effort
Bashir and Thomson introduce a way to estimate complexity and finally a way to
predict design effort by using historical data from similar designs [13-15]. The past
designs that are used as a point of reference should be as similar as possible, in terms of
influencing factors. The key to determining the design effort for a future product is to
look at the “productivity” of similar past designs, and scale it up or down based on
multiplying factors such as design complexity and severity of requirements [13]. The
equation for productivity is shown below Equation 2.6 [13].
Pr

Or / Er

(2.6)

where Pr is the productivity of the reference project, Er is the input of the reference
project (# of man-months spent on design), and Or is the output of the reference project.
The output is measured using the product complexity (PC) [16], which is shown in
equation 2.7 [13].
l

PC

Fj j

(2.7)

j 1

where Fj is the number of functions at level j, and l is the number of levels. In order to
scale the reference product to the new product, a multiplying factor is introduced to take
into account changes in productivity. The major factors in changes to the productivity
from one design to the next are product complexity, severity of requirements, and the
efficiency of the design team and the processes used [47]. To compute the multiplying
factor, a 0-9 scale is utilized that ranks the severity of the influence of productivity from
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one project to the next (1 being equal influence, 9 being extremely severe influence) [13].
Using this scale, a pairwise comparison table is created as shown below in Table 4.
Table 4: Project comparisons with respect to severity of requirements [13]

The principal eigenvector of the matrix is then computed using Equation 2.8 [13].

Aw

max

w

(2.8)

where A is the pairwise matrix, λmax is the maximum eigenvalue, and w is the extracted
weight. This weight (w) is then used to calculate the multiplier using Equation 2.9 [13].

Mrf

wrf / wuf

(2.9)

where Mrf is the multiplier, wrf is the extracted weight corresponding to the reference
project, and wuf is the extracted weight corresponding to the upcoming project u. With
this the estimated productivity for the upcoming project (Pur), using the reference projects
(r), can be calculated using Equation 2.10 [13].
m

Pur

Pr

M rf
f 1

(2.10)

where m is the number of influencing factors. Finally, the estimated effort for the
upcoming project (Eu) can be calculated using Equation 2.11 [13].
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nr

Eu

(1 / nr )

Eur

(2.11)

r 1

where nr is the number of reference projects and

⁄

, where Ou is the

upcoming project output.
The analogy-based model is a tool that can be used to predict design effort in
initial designs and all levels of redesign. Its value, however, is somewhat limited, as it
requires a set of historical projects with similar influencing factors to produce a design
effort prediction with any kind of accuracy. Therefore, this model would not be ideal for
a new, novel project. Furthermore, the model relies on the experience of designers to
develop the pairwise comparison table, and make accurate assessments of the level of
influencing factors. Relying on human interpretation inherently introduces uncertainty
into the model and reduces accuracy. Finally, as the bank of reference projects grow, the
amount of data that needs to be processed causes the implementation of the model to be
very time consuming.

2.3.3 Change Propagation Analysis for Complex Technical Systems
Giffin and colleagues present a study on change propagation in large complex
systems [1]. The system studied was designed over an eight year period, and consists of
more than 41,500 proposed changes. Larger, more complex systems present a problem
with the majority of change prediction methods due to the huge amount of information
that must be processed and analyzed. One means of identifying an area or component to
focus on for change, in such a complex system, is by calculating the propensity for
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change (denoted as CPI) [1, 17, 48]. Two additional evaluations that can be used to gain
insight on the nature of change propagation in a system are whether areas are generally
accepting of change or tend to reflect change. These evaluations are quantified using the
CAI and CRI ratios [1]. The CAI, CRI, and CPI of a component are calculated using
Equations 2.12, 2.13, and 2.14 [1].
CAI i

CRI i

total number of implemented changes in area i
total number of changes originally proposed in area i

(2.12)

total number of rejected changes in area i
total number of changes originally proposed in area i

(2.13)

CPI i

Cout i

C in (i )

Cout i

C in (i )

(2.14)

where Cin is the sum of all the changes, including self-changes, that affect area i, and Cout
is the sum of all the areas that are affected by a change to area i. A CPI value between 0
and 1 indicates that the area is a multiplier, with a value of 1 signifying a perfect
multiplier. A value between -1 and 0 indicates an absorber, with a value of -1 signifying a
perfect absorber. A CPI of 0 is a carrier. A multiplier is an area that originates more
change than it has incoming change, and an absorber has more incoming change than it
originates. A carrier is an area that has an equal amount of incoming and outgoing
change. Identifying which areas are multipliers and absorbers can be valuable during the
redesign of a product, or during the design of subsequent generations of a product. Areas
that are identified as multipliers can be designed with more built-in flexibility, potentially
saving time and effort down the road when changes are required. Also, if an absorber is a
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potential area for change, it would be a better choice than a multiplier as it will have less
of an effect on other areas [1].
The change propagation analysis for complex systems provides an evaluation that
can be used for change management in large, complex systems. The analysis is not as
computational intensive as the previous methods, but it does require an initial amount of
change history data to base the subsequent calculations on. Another drawback to the
analysis is that when identifying key areas for change, it does not take into account the
number of changes required or the effort involved in the change (i.e. one component may
require more effort to change than another for reasons such as manufacturing).
Additionally, different types of changes could cause areas/components to behave in
different manners. For instance, for one change a component may act as a multiplier but
for another it acts as an absorber.

2.4 Current Opportunities in Change Management
In light of the research questions posed in Chapter 1, a change prediction method
must address the following requirements:


Model the connectivity within a system, including the direct and indirect
coupling, and the resulting propagation paths [11].



Evaluate the level of coupling between components to assess the probability of
change propagating from one component to another [4, 29].



Assess the manufacturing costs associated with changes [4].



Identify the sub-systems that should and should not be targeted for change [1, 4].
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Evaluate the relative design effort required for redesigns [4, 13].



Identify areas and means for improving the overall ease of change of a system.



Not require any previous experience or historical change data.



Be a systematic process that is based on objective information.



Be computationally practical.



Be easily integrated into software.

A review of relevant literature establishes that no existing change management strategies
fully address the requirements for change prediction as focused in this research. A list of
important characteristics of a change prediction method, and evaluation against current
tools, is provided in Table 5.
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Table 5: Evaluation of the reviewed change management strategies against the
prescribed requirements

Requirements
Identifies the subsystems that should and
should not be targeted
for change
Evaluates the relative
design effort required
for redesigns
Systematic process that
is based on objective
information
Does not require any
previous experience or
historical change data
Computationally
practical
Easily integrated into
software
Assesses the
manufacturing costs
associated with changes

Change
prediction
method

Analogy-based
model for
estimating design
effort

X

Change propagation
analysis for complex
technical systems
X

X

X
X

X
X

A review of current change management strategies has identified several gaps and
limitations that offer room for improvement. The limitations that are addressed in this
research are summarized as:


Reliance on human experience and historical change data for the population of
component/system coupling.



Impact of change assessments rely on subjective information and interpretation,
independent of component characteristics.
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Cost of change is not explicitly modeled.



Manufacturing information is not taken into account or included.

In light of the identified limitations, a change prediction method is developed that
integrates a systematic and objective assessment of level of coupling, along with
incorporating design for manufacturing (DFM) information to model the cost and impact
of change. The proposed method is detailed and discussed in Chapter 3.
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CHAPTER THREE
PROPOSED CHANGE PREDICTION METHOD

The proposed change prediction method is based off of a traditional componentcomponent design structure matrix. A DSM is chosen because it offers a concise and
simple representation [33], while allowing for software integration for computations. In
order to produce a more accurate assessment of the difficulty of change, the
manufacturing costs, in terms of the relative manufacturing hours required for a change,
are included. In addition to the traditional approach of modeling the linkages between the
components, a more detailed assessment is performed by breaking the components down
to interfaced features. The interfaced features are what will actually be affected by
change, so the DSM is able to model the coupling between the interfaced features and
evaluate the manufacturing costs of a change to each feature. A flow chart of the
proposed change prediction method is shown in Figure 10.
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Figure 10: Flow chart of the proposed change prediction method

3.1 Step 1: Decompose the System
The system must first be decomposed into components so that the connectivity
within the system can be modeled. It is preferable that the system be decomposed as far
as possible, because it is more difficult to assess the manufacturing costs of
subassemblies. For simplicity, it is only necessary to include the important components
that offer an opportunity for change. For the feature-based method, the components are
further decomposed to the interfacing feature level. In some instances, it may not be
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possible to easily identify the interfacing features within an assembly, and if so, the
analysis should only be performed at the component level. It should be noted, that the
decomposition process is based on an engineer’s interpretation of a system, and thus may
vary from engineer to engineer. This challenge is identified, but is out of the scope of this
research.

3.2 Step 2: Estimate/Compute Manufacturing Costs
The cost of geometrical changes for stamping, injection molding, die casting, and
water jet machining are evaluated due to their wide use in industry. A system is first
evaluated on a component level, basing the manufacturing cost of a change on the overall
size of each component. Then, if the interfaces between the components can be clearly
broken down to a feature level, the manufacturing cost of a change is based on each
individual, interfaced feature.

3.2.1 Component Level
To evaluate the relative cost of change on a component level, size is chosen as the
determining factor. A larger part is more expensive to manufacture, and thus will cost
more to change. The relative cost for injection molded, die cast, and stamped components
are determined using design for manufacturing assessments that relate aspects of a part’s
size to the required manufacturing hours.
The relative manufacturing hours for injection molded and die cast components
are determined based on the projected area of the part. The projected area is the area of
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the part at a right angle to the direction of molding. The relationship between a part’s
projected area and its resulting manufacturing hours is developed by Boothroyd and
Dewhurst [49, 50], and is seen in Equation 3.1.

Mh

0.085Ap1.2

5

(3.1)

where Mh is the manufacturing hours and Ap is the part projected area (cm2). The results
of the manufacturing hours calculation for each component are then entered into the
component-component DSM.
The relative manufacturing hours for stamped components are determined based
on the size relationships developed by Boothroyd and Dewhurst for the blanking
operation of a stamped part [49]. For simplicity, only the blanking operation is evaluated,
as it is the main determining factor in the overall size of the part. First, the profile
complexity (Xp) of the component is calculated using Equation 3.2 [49].

Xp

P 2 / (LW )

(3.2)

where P is the perimeter length to be sheared (cm2) and L and W are the length and width
of the smallest rectangle that surrounds the punch (cm). The basic manufacturing points
(Mpo) associated with the calculated profile complexity are then assessed using Figure 11.
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Figure 11: Basic manufacturing points for blanking die [49]
The final factor in the overall manufacturing hours calculation is the area correction
factor (f1w), which is found using Figure 12.
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Figure 12: Area correction factor [49]
The overall manufacturing hours (Mh) for a stamped part are then calculated using
Equation 3.3 [49].

Mh

f1w M po

(3.3)

The results of the manufacturing hours calculation for each component are then entered
into the component-component DSM.

3.2.2 Feature Level
A higher fidelity analysis can be completed by decomposing the components into
the interfacing features. This presents a challenge, however, as a component can be
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viewed at the feature level from multiple perspectives. This is out of the scope of this
research. To assess the relative cost, the hours needed to machine and design the changed
features are tabulated to provide a simple referencing system. The manufacturing hours
for each interfaced feature are then inserted into the DSM. The tabulated relative
manufacturing hours can be seen in Table 7 for stamped components and Table 8 for
injection molded and die-cast components.
The relative manufacturing hours for the stamped features (Table 7) are adapted
from Poli’s design for manufacturing analysis [51]. The tabulated hours account for the
time needed to machine the added features into the die/punch, along with the time needed
to design any changes to the stations. The relative manufacturing hours for the injection
molded and die-cast features (Table 8) are adapted from Boothroyd and Dewhurst’s
process for calculating mold manufacturing hours [49]. The cost of a change to an
existing feature is evaluated by determining the changes to mold complexity. The
additional mold machining hours, as a result of the changes to mold complexity, is then
calculated based on the additional surface patches that are added. A surface patch is
defined as a separate surface segment. The approximate number of surface patches per
feature can be seen below in Table 6 [49].
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Table 6: Surfaces patches per feature
Feature
Surface Patches/Feature
Circular
1
Hole
Rectangular
4
Irregular
6
Solid
2
Cylindrical
Boss
Hollow
3
Solid
5
Rectangular
Boss
Hollow
12
Rib, Wall
3
Simple
3
Side Shutoff
Complex
12
Using the additional surface patches due to the changes to a feature, the added
mold complexity can be calculated using Equation 3.4.
X i  0.1N sp

(3.4)

where Xi is the added mold complexity and Nsp is the number of surface patches. This
measure of added mold complexity then allows for the calculation of the added mold
manufacturing hours (Mx) due to the geometrical changes to a feature using Equation 3.5
[49].

M x  5.83 X i

1.27

(3.5)

The resulting relative manufacturing hours required for a change to injection molded and
die cast features are seen in Table 8.
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Table 7: Relative manufacturing hours required to change stamped features
(adapted from [51]).
Feature Operation
Blanking
Semi-perf
Piercing, Standard Hole
Lancing, Notching, Forming, Coining, Embossing
Embossing Near Part Periphery
Nonstandard Hole
Extruded Hole
Drawing
Tab
Side-Action Feature
Curl, Hem
Bend
Overbend (>105 deg, add 20 hrs)

Hours
40
25
30
40
113
45
50
55
65
95
120
40
80

Table 8: Relative manufacturing hours required to change injection molded and diecast features (adapted from [49]).
Feature
Hole
Cylindrical Boss
Rectangular Boss

Circular
Rectangular
Irregular
Solid
Hollow
Solid
Hollow

Rib, Wall
Side Shutoff

Simple
Complex

Hours
0.31
1.82
3.05
0.76
1.26
2.42
7.35
1.26
1.26
7.35

The manufacturing hours required for a change to a component machined using a
water jet are based on the time it takes to edit the geometrical change in the CAD
program. This is usually very low, but depends on the complexity of the feature being
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changed and must be assessed on a case by case basis. For flexible components, a
corresponding mold may be required to ensure that the component’s shape is maintained
during the cutting process. If this is the case, the time required to machine the
corresponding changes into the support mold must also be assessed. The machining
process of a support mold is very similar to that of an injection mold, so the relative
manufacturing hours required for a change to an injection molded feature (Table 8) can
also be used to evaluate a change to the support mold [52].

3.3 Step 3: Compute the Level of Coupling
Design structure matrices traditionally only model the direct coupling in a
product. This is a huge limitation as the cost accrued due to unanticipated changes in
indirectly coupled components can be substantial. The proposed method incorporates all
degrees of coupling for each component, not just the first order coupling. Furthermore,
the proposed method evaluates the level of coupling between each component.
To evaluate the level of coupling between directly coupled components a
coupling index (CI) is formulated. The coupling index assesses the degree of coupling
between the interfaced features/components using a ratio of the sum of the level of
constraint of each parameter over the total number of parameters. The equation for the
coupling index is seen below in Equation 3.6.
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n

L

c

CI 


1

(3.6)

Tp

Level of Constraint ( Lc ) =

0 for no dimensional
constraint
0.5 for dimensional
constraint in one
direction (increasing or
decreasing)
1 for dimensional
constraint in both
directions

where n is the number of constrained parameters and

Tp

is the total number of

parameters. The CI calculations produce what is effectively the probability that a change
to one interfaced feature or component will affect the other. The result is a value between
0 and 1, with 1 meaning that a change to a feature/component will always affect the other
feature/component and a 0 indicating that the features/components are not coupled. The
values from the CI calculations are used to populate the DSM.

3.4 Step 4: Compute the Difficulty of Change
To determine the overall difficulty of change, the second and tertiary order
coupling has to be modeled. To accomplish this, the coupling index values are multiplied
together as the order of coupling increases to produce a diminishing probability as the
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propagation path extends. The equation for the difficulty of change (Dc) is seen in
Equation 3.7.
n

n

n

1

1

1

Dc   CI1st M h   CI1st CI 2 nd M h   CI1st CI 2 nd CI 3rd M h
where

Mh

(3.7)

is the manufacturing hours required for a change and n is the number of

interfaced features/components. This equation calculates to third order coupling, but it
can be extended to as high a degree of coupling as necessary by continuing to multiply
the sequential coupling indexes together. When calculating the difficulty of change, it is
important to identify when redundant coupling occurs, because only the most
probabilistic occurrence of coupling between two components/features should be
included in the calculations. An example of a connectivity tree for feature A is shown
below in Figure 13.

Figure 13: Connectivity tree for feature A.
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The resulting difficulty of change calculation for feature A is seen below in Equation 3.8.

Dc (A)

Mh (A) CI ABMh (B) CI AC Mh (C ) CI AF Mh (F )
CI ABCI BE Mh (E ) CI ACCICDMh (D)

(3.8)

It is important to note that the feature difficulty of change calculation only models
the path of highest probability between the root feature and other features. Thus, the
measure only includes the highest coupling value between two features that exists within
the connectivity tree. For instance, in the above example features A and F are connected
by two different paths, both first order coupling and third order coupling. However, only
the first order coupling is included in the feature difficulty of change calculation because
it represents the path of highest probability. It should be noted, that this path
representation assumes that if there are two paths to the same end node, that the
hypothetical changes will be the same.

3.5 Demonstration of the Change Prediction Method
To further the understanding of the proposed change prediction method, a ballpoint pen assembly is analyzed step by step. The ball-point pen assembly, seen in Figure
14, is a geometrically simplified representation, and all components are assumed to be
manufactured using injection molding.
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Figure 14: Ball-point pen assembly [53]
The assembly is first assessed on a component level, basing the manufacturing
hours for a change to each component on their overall size using Equation 3.1. Table 9
lists each component’s projected area and the resulting manufacturing hours required for
a change.
Table 9: Manufacturing hours for each component
Component
Cap

Part Projected
Area [Ap] (cm2)
3.13

Manufacturing
Hours
5.33

Body

12.69

6.79

Button

0.81

5.07

Head

1.75

5.17

Tube

8.25

6.07

The level of coupling between each component is then assessed using the coupling index
(Equation 3.6). All of the components are simplified as cylinders and thus have two
parameters, length and diameter. The level of constraint for each of the component’s
parameters is then evaluated by determining whether an increase or decrease in the
parameter affects the other component. For instance, the coupling index between the tube
and body is calculated below in Equation 3.9.
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CI

0.5

0.5

0.5

2

(3.9)

The length and diameter of the tube can both be decreased without affecting the body,
while an increase in either will have an effect. This leads to a 0.5 for the level of
constraint of both parameters, and a result of 0.5 for the coupling index. Table 10 lists the
coupling index equations for all the components.
Table 10: Coupling index calculations
Cap
Body
1
(0+1)/2
Cap
(0+1)/2
1
Body
(0+1)/2
Button (0+0)/2
(0+1)/2
Head (0.5+0)/2
(0+0)/2 (0.5+0.5)/2
Tube

Button
Head
Tube
(0+0)/2 (0.5+0)/2
(0+0)/2
(0+1)/2 (0+1)/2 (0.5+0.5)/2
1
(0+0)/2
(0+0)/2
(0+0)/2
1
(0+1)/2
(0+0)/2 (0+1)/2
1

The coupling index calculations in Table 10 are then entered into the body of the DSM,
and the final component difficulty of change calculations are performed using Equation
3.7. The final DSM for the ball-point pen assembly is seen below in Table 11. The DSM
contains the equations used to calculate the component difficulty of change, along with
the final results.
Table 11: Ball-point pen DSM with component difficulty of change calculations

Cap
Body
Button
Head
Tube

Man. Comp.
Hrs.
#
5.33
1
6.79
2
5.07
3
5.17
4
6.07
5

1

2

3

4

5

1
0.5
0
0.25
0

0.5
1
0.5
0.5
0.5

0
0.5
1
0
0

0.25
0.5
0
1
0.5

0
0.5
0
0.5
1
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Component
Difficulty of Change
12.8
17.6
12.6
14.2
14.7

The results of the change prediction method show that the button and the cap are the
components which offer the greatest ease of change, while the body is shown to have the
highest difficulty of change. Since the manufacturing hours for the five components are
mostly similar, the discrepancy between the final results is largely attributed to differing
levels of connectivity. Looking at the coupling values in the body of the DSM, it can be
seen that the body has the highest overall level of coupling, while the cap and the button
have the lowest.
A more detailed analysis of the ball-point pen assembly is completed by
decomposing to the feature level. Once the interfacing features are identified, the relative
manufacturing hours required for a change are then evaluated using Table 8. Table 12
lists the components, the corresponding interfacing features, and the resulting
manufacturing hours required for a change.
Table 12: List of the components, interfacing features, and resulting manufacturing
hours
Components

Interfacing Features

Manufacturing Hours

Cap

Inside diameter

0.31

Inside diameter

0.31

Outside diameter

0.31

Outside diameter

0.31

Small diameter

0.31

Large diameter

0.31

Inside diameter

0.31

Outside diameter

0.31

Body
Button
Head
Tube
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The level of coupling between each of the interfacing features is then calculated
using the coupling index (Equation 3.6). For this example, with all the interfacing
features being one of the components’ diameters, the only parameter that is evaluated in
each of the coupling index calculations is the diameters themselves. The results of the
coupling index calculations are entered into the body of the DSM, and can be seen below
in Table 13. It should be noted, that for many of the level of constraint evaluations the
diameters of the coupled features are considered to be fully constrained based on
maintaining the functionality of the pen, not because both an increase and decrease in the
diameter would interfere with the other coupled diameter. For instance, when evaluating
the coupling between the inside diameter of the cap and the outside diameter of the body,
increasing the diameter of the cap would not directly interfere with the outside diameter
of the body, but in order to maintain the functionality of the pen assembly the outside
diameter of the body must also be increased.
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Table 13: Coupling index calculations
Comp.
Cap
Body
Button
Head

Tube

Interfacing
Features
Inside
diameter
Inside
diameter
Outside
diameter
Outside
diameter
Small
diameter
Large
diameter
Inside
diameter
Outside
diameter

Comp.
#

1

2.1

2.2

1

1

0/1

2.1

0/1

2.2

3

4.1

4.2

5.1

5.2

1/1

0/1 0/1

0/1

0/1

0/1

1

0/1

1/1 0/1

1/1

0/1

0.5/1

1/1

0/1

1

0/1 0/1

0/1

0/1

0/1

3

0/1

1/1

0/1

1

0/1

0/1

0/1

0/1

4.1

0/1

0/1

0/1

0/1

1

0/1

1/1

0/1

4.2

0/1

1/1

0/1

0/1 0/1

1

0/1

0/1

5.1

0/1

0/1

0/1

0/1 1/1

0/1

1

0/1

5.2

0/1 0.5/1 0/1

0/1 0/1

0/1

0/1

1

The feature difficulty of change is based on the coupling index values in the body
of the DSM along with the manufacturing hours for each interfaced feature, and is
calculated using Equation 3.7. The final component difficulty of change value is then
found by summing the feature difficulty of change values for each component. The final
DSM for the ball-point pen assembly is seen below in Table 14. The DSM contains the
equations and results for each of the feature difficulty of change calculations, along with
the subsequent component difficulty of change values.
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0

0.62

0.62

Man.
Hrs.

Comp.
#

2.2
3
4.1
4.2
5.1

Comp.
Change
Diff.

Interfacing
Features

2.1

Feature
Change
Diff.

Comp.

1

5.2

Table 14: Ball-point pen DSM with feature difficulty of change calculations

Cap

Inside dia.

0.31

1

1

0

1

0 0 0 0

Inside dia.

0.31

2.1

0

1

0

1 0 1 0 0.5

1.09

Outside dia.

0.31

2.2

1

0

1

0 0 0 0

0

0.62

Outside dia.

0.31

3

0

1

0

1 0 0 0

0

1.09

Small dia.

0.31

4.1

0

0

0

0 1 0 1

0

0.62

Large dia.

0.31

4.2

0

1

0

0 0 1 0

0

1.09

Inside dia.

0.31

5.1

0

0

0

0 1 0 1

0

0.62

Outside dia.

0.31

5.2

0

0.5

0

0 0 0 0

1

0.78

Body
Button
Head

Tube

1.71
1.09
1.71

1.4

The results of the feature and component difficulty of change calculations show
that the body and head present the greatest difficulty of change, while the cap and the
button offer the greatest ease of change. Since the manufacturing hours for all the
interfacing features are the same, the separation in the results is mostly due to the body,
head, and tube having multiple interfacing features. In some instances, the interfacing
features of the higher scoring components can also be seen to have a higher level of
connectivity than those of the cap and button. A comparison of the results of the
component and feature based methods is seen below in Table 15.
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Table 15: Ease of change rankings for the ball-point pen assembly using the
component and feature based methods
Component

Component-based ranking

Feature-based ranking

Cap

2

1

Body

5

4

Button

1

2

Head

3

4

Tube

4

3

The rankings produced by the two methods have the same overall trend, with only a
couple of the component rankings switched. Both methods identify the cap and button as
the components which offer the greatest ease of change. It should be noted, this does not
identify a single component, but rather directs the attention of the designer.
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CHAPTER FOUR
APPLICATION OF THE PROPOSED METHOD

4.1 BMW X5 Headliner Assembly
The BMW X5 model is experiencing significant time delays and quality issues
during assembly due to alignment issues during the headliner installation. The headliner
assembly, seen in Figure 15, contains four adaptor plates (8, 20), each with two clips
(10), which are inserted into the body of the car to secure the headliner (1) and handles
(4, 18). During the initial installation, the clips never align properly, which necessitates
an additional step to re-align and secure the headliner. This extra step results in
significant time losses during assembly, costing thousands of dollars. To fix this problem,
a component, or multiple components, must be selected for re-design. In order to
minimize the cost impact of this re-design, a change impact analysis will be performed to
identify the component(s) with the greatest ease of change. To accomplish this, a
component-component matrix is used with the proposed model of coupling. This industry
example will allow for the assessment of the overall effectiveness of the change
prediction scheme. For simplification, only the components which offer an opportunity
for change are included in the analysis. Furthermore, the functional importance of the
components is not considered.
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Figure 15: Schematic of the headliner assembly (from www.realoem.com)

4.1.1 Component-based Method
The resulting design structure matrix with the component difficulty of change
calculations for the BMW X5 headliner assembly is seen below in Table 16. The body of
the DSM is populated with the coupling index calculations for each component versus
every other component in the assembly. The manufacturing hours for the molded roof
lining are based only on the sections that are in contact or interface with the other
components in the assembly. This yields a more accurate representation because even
though the headliner is much larger than the other components in the system, only a small
part of it interfaces with the rest of the assembly.
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Table 16: DSM for the BMW X5 headliner assembly
Component
Molded roof
lining
Front handle
(left/right)
Adaptor plate,
front handle
grab (left/right)
Clip, front
handle grab
Clip, rear handle
grab
Rear handle
(left/right)
Adaptor plate,
rear handle grab
(left/right)

Man.
Process

Total
Man.
Hrs.

Comp.
ID

1

4

8

10

14

18

20

Comp.
change
difficulty

waterjet

60.6

1

1

0.5

0

0

0

0.5

0

177.5

injection
molding

61.4

4

0.5

1

0.5

0

0

0

0

176.4

injection
molding

28.3

8

0

0.5

1

0.5

0

0

0

171.5

stamping

165.4

10

0

0

0.5

1

0

0

0

209.8

stamping

165.4

14

0

0

0

0

1

0

0.5

209.8

injection
molding

61.4

18

0.5

0

0

0

0

1

0.5

176.4

injection
molding

28.3

20

0

0

0

0

0.5

0.5

1

171.5

The results of the component difficulty of change calculations show that the clips
are the most difficult to change, while the adaptor plates offer the greatest ease of change.
Comparing the component difficulty of change scores and the manufacturing hours for
each component, it can be seen that a trend exists between the two. The manufacturing
scores have three distinct groupings, with the clips being the highest, the handles and
molded roof lining being in the middle, and the adaptor plates being the lowest. Likewise,
the resulting component difficulty of change scores follow the same trend, with the same
three distinct groupings. The reason for this trend is partly because of the large separation
between the components’ manufacturing scores, but mostly because the level of
connectivity for all four components is very similar.
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4.1.2 Feature-based Method
The BMW X5 headliner assembly is further broken down into the interfacing
features for each component. The resulting component and manufacturing information,
coupling index DSM, and change difficulty for the BMW X5 headliner assembly are
included in Table 17, Table 18, and Table 19.
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Table 17: Component, interface, and manufacturing hours information for the
BMW X5 headliner
Component
Molded roof lining
front handle (left)
front handle (right)
adapter plate, front
handle grab (left)

adapter plate, front
handle grab (right)
clip (front, left, 1)
clip (front, left, 2)
clip (front, right, 1)
clip (front, right, 2)
clip (back, left, 1)
clip (back, left, 2)
clip (back, right, 1)
clip (back, right, 2)
rear handle (left)
rear handle (right)
adapter plate, rear
handle grab (left)

adapter plate, rear
handle grab (right)

Interfacing Features
holes
rectangular boss
rectangular boss
rect. boss (bottom slots)
rect. boss/slot (top, big)
cylindrical boss
rect. boss (top, small)
rect. boss (bottom slots)
rect. boss/slot (top, big)
cylindrical boss
rect. boss (top, small)
slot
change to blanking
slot
change to blanking
slot
change to blanking
slot
change to blanking
slot
change to blanking
slot
change to blanking
slot
change to blanking
slot
change to blanking
rectangular boss
rectangular boss
rect. boss (bottom slots)
rect. boss/slot (top, big)
cylindrical boss
rect. boss (top, small)
rect. boss (bottom slots)
rect. boss/slot (top, big)
cylindrical boss
rect. boss (top, small)
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#
Features
8
2
2
2
2
4
4
2
2
4
4
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
2
2
2
4
4
2
2
4
4

Man.
Hours
2
2.42
2.42
2.42
2.42
0.76
2.42
2.42
2.42
0.76
2.42
80
40
80
40
80
40
80
40
80
40
80
40
80
40
80
40
2.42
2.42
2.42
2.42
0.76
2.42
2.42
2.42
0.76
2.42

Total
Hours
16.00
4.84
4.84
4.84
4.84
3.04
9.68
4.84
4.84
3.04
9.68
160.00
40.00
160.00
40.00
160.00
40.00
160.00
40.00
160.00
40.00
160.00
40.00
160.00
40.00
160.00
40.00
4.84
4.84
4.84
4.84
3.04
9.68
4.84
4.84
3.04
9.68

Feature
ID
1
4
5
8.1
8.2
8.3
8.4
9.1
9.2
9.3
9.4
10.1
10.2
11.1
11.2
12.1
12.2
13.1
13.2
14.1
14.2
15.1
15.2
16.1
16.2
17.1
17.2
18
19
20.1
20.2
20.3
20.4
21.1
21.2
21.3
21.4
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The DSM contains the headliner components, which are then further decomposed
into the interfaced features and assigned an ID number (see Table 17). Based on the type
of feature and the manufacturing process used for the component, the manufacturing
hours are determined by referring to Table 7 and Table 8. This yields the total hours
calculation that is based on the number of features. The body of the DSM contains the
values from the coupling index, which are calculated for each interfaced feature versus
every other feature through Equation 3.6 (see Table 18). The feature difficulty of change
and overall component difficulty of change are shown in Table 19. The overall
component difficulty of change is found by summing all the feature difficulty of change
values for each component.
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Table 19: Feature and component difficulty of change calculations
Components
Molded roof lining
front handle (left)
front handle (right)
adapter plate, front
handle grab (left)

adapter plate, front
handle grab (right)
clip (front, left, 1)
clip (front, left, 2)
clip (front, right, 1)
clip (front, right, 2)
clip (back, left, 1)
clip (back, left, 2)
clip (back, right, 1)
clip (back, right, 2)
rear handle (left)
rear handle (right)
adapter plate, rear
handle grab (left)

adapter plate, rear
handle grab (right)

Interfacing Features
holes
rectangular boss
rectangular boss
rect. boss (bottom slots)
rect. boss/slot (top, big)
cylindrical boss
rect. boss (top, small)
rect. boss (bottom slots)
rect. boss/slot (top, big)
cylindrical boss
rect. boss (top, small)
slot
change to blanking
slot
change to blanking
slot
change to blanking
slot
change to blanking
slot
change to blanking
slot
change to blanking
slot
change to blanking
slot
change to blanking
rectangular boss
rectangular boss
rect. boss (bottom slots)
rect. boss/slot (top, big)
cylindrical boss
rect. boss (top, small)
rect. boss (bottom slots)
rect. boss/slot (top, big)
cylindrical boss
rect. Boss (top, small)

Feature
ID
1
4
5
8.1
8.2
8.3
8.4
9.1
9.2
9.3
9.4
10.1
10.2
11.1
11.2
12.1
12.2
13.1
13.2
14.1
14.2
15.1
15.2
16.1
16.2
17.1
17.2
18
19
20.1
20.2
20.3
20.4
21.1
21.2
21.3
21.4
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Feature change
difficulty
28.9
19.3
19.3
10.7
19.0
83.0
23.4
10.7
19.0
83.0
23.4
181.5
45.2
181.5
45.2
181.5
45.2
181.5
45.2
181.5
45.2
181.5
45.2
181.5
45.2
181.5
45.2
19.3
19.3
10.7
19.0
83.0
23.4
10.7
19.0
83.0
23.4

Component
change difficulty
28.9
19.3
19.3
136.1

136.1

226.7
226.7
226.7
226.7
226.7
226.7
226.7
226.7
19.3
19.3
136.1

136.1

The resulting calculations show that the feature that offers the greatest ease of
change is the rectangular slots on the bottom of the adapter plates. Conceptually this
makes sense because the slots are easy to change in terms of manufacturing and are only
coupled to the handle bosses. The component that offers the greatest ease of change is the
handles, primarily because they only contain two interfacing features, both of which are
easy to change. The DSM also identified that the clips and anything coupled to the clips
presents the greatest difficulty of change. This is because stamped features are
significantly harder to change than injection molded features. The highest order of
coupling in the system is found to be fourth order.

4.1.3 Comparison of the Component and Feature Based Methods
To further evaluate the results from the component and feature based methods, the
overall ease of change rankings for the components of the BMW X5 headliner assembly
are presented in Table 20.
Table 20: Component ease of change rankings for both methods
Component

Component-based ranking

Feature-based ranking

Molded roof lining

3

2

Handles

2

1

Adaptor plates

1

3

Clips

4

4
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As shown in Table 20, both methods produce the same ranking for the clips, but
the rankings for the molded roof lining, handles, and adaptor plates do not coincide. The
main reason for the inconsistency between the two methods is the ratio of the size of the
molded roof lining and handles to the actual area that interfaces with other components.
Both components are relatively large in comparison to the actual area of the component
that is coupled with other parts. In the case of the molded roof lining, the size that is used
to compute the manufacturing score is narrowed down to only include the area of the part
that interacts with the other components in the assembly. However, this still represents an
inflated number, as the only parts of the molded roof lining that actually directly interface
with other components are the eight small holes through which the handles connect to the
adaptor plates. Similarly, the only parts of the handle that interface with the rest of the
assembly are the two small bosses on each end, which represent a small percentage of
their overall size. Since the component-based method uses the overall size of the part to
determine the manufacturing score, it does not take into account how much of the
component is actually effected by change. In cases such as this, the feature-based method
provides a better representation of the system because it only focuses on the parts of the
components that are affected by change propagation.

4.1.4 Redesign of the BMW X5 Headliner Assembly
The proposed change prediction method is also used as a guide for the redesign of
the BMW X5 headliner assembly. The focus of the redesign will be on improving the
overall ease of change of the assembly. For this example, only the feature-based method

62

is used as a guide and assessment for the redesign, as it offers a more detailed and
accurate representation of the system. To evaluate the overall ease of change, the
component ease of change values are summed for the entire assembly. The overall ease
of change value is then used to assess the level of improvement offered by the redesign.
The redesign will focus on lowering the connectivity within the assembly by decreasing
the coupling between components, or if possible, entirely eliminating unnecessary
components or features. The ease of change can also be lowered by decreasing the
manufacturing cost of the components. This can be achieved by changing the process
used to manufacture the parts, or by utilizing less costly features. For this redesign,
however, improvements on the manufacturing of the parts are not considered. An
exploded view of the handle grab assembly in the current BMW X5 headliner assembly is
seen in Figure 16.
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Figure 16: Exploded view of the BMW X5 handle grab assembly
The results of the original change assessment (see Table 19) identify the clips and
adaptor plates as the being the most difficulty to change, and yields an overall score of
2464 for the difficulty of change of the entire assembly. The adaptor plate is first targeted
for redesign because of its high level of connectivity and difficulty of change. When
evaluating the function of the adaptor plates, it can be seen that they are primarily used as
a connecting piece between the handles and clips. The adaptor plates are essentially a
structural component that is used to connect the functional components in the assembly.
Since they serve no functional importance, they can therefore be eliminated, and the
handle bosses can be lengthened to attach to the clips. The clips were previously attached
to the adaptor plates by three different features, a rectangular slot, two cylindrical bosses,
and two smaller rectangular bosses (see Figure 17).
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Figure 17: Adaptor plate and clip interface
The three different features used in the interface between the adaptor plates and clips are
unnecessary and redundant. Therefore, the redesign uses just a rectangular slot to connect
the handle bosses and clips, which means only the blanking of the clips will be affected
by a change to the handle bosses. The schematic and DSM for the redesign are seen in
Figure 18 and Table 21.

Figure 18: Exploded view of the redesigned handle grab assembly
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The results of the difficulty of change calculations show that the redesign has an
overall change difficulty of 1025 and an average component change difficulty of 79. This
compares to the overall change difficulty of 2464 and the average component change
difficulty of 145 for the current design. Although the overall ease of change is greatly
improved, there are some tradeoffs and drawbacks to the redesign. The positive aspects
of the redesign are that it significantly lowers the change difficulty of the clips and
eliminates the adaptor plates, which are also relatively difficult to change. The tradeoff is
that this results in an increase in the change difficulty of the handles and molded roof
lining. This shows that improving the ease of change of one area might result in making
another area worse. When redesigning an assembly it may be necessary to weigh the
tradeoffs and determine the overall benefit, or to only focus on improving certain sections
of the assembly.

4.2 Ryobi Hand-held Drill
A Ryobi hand-held drill requires improvements for subsequent generations that
necessitate the redesign of key components. The proposed change prediction method is
used to identify which component(s) offers the greatest ease of change, and thus should
be targeted for redesign. The Ryobi drill assembly is shown below in Figure 19.
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(1)
(2)
(3)
(4)

Battery
Right Cover
Left Cover
Motor

(5)
(6)
(7)
(8)

Motor Connector
Gear Housing
Chuck
Switch

Figure 19: Ryobi drill assembly
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4.2.1 Component-based Method
The resulting design structure matrix with the component difficulty of change
calculations for the Ryobi drill assembly is seen below in Table 22. The body of the DSM
is populated with the coupling index calculations for each component versus every other
component in the assembly. It should be noted, that in the case of the motor the assigned
manufacturing hours are not based directly on DFM principles because the motor is an
outsourced subassembly. For this reason, any changes to the motor would be very costly,
and thus a relatively high value of 80 hours is assigned.
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The results of the component difficulty of change calculations show that the right
and left covers present the greatest difficulty of change, while the chuck, switch, and
battery offer the greatest ease of change. The covers prove to be difficult to change
because of a high level of connectivity. As seen in Table 22, the covers are directly
coupled to all the other components in the assembly. Furthermore, the covers are also
relatively hard to change in terms of manufacturing, and a change to one cover will result
in a direct, corresponding change to the other. The battery, chuck, and switch all prove
relatively easy to change mostly because they are not directly coupled to the motor and
have an overall low level of connectivity. This is somewhat expected, because the motor
is purposefully assigned a relatively high manufacturing score of 80 hours to prioritize it
as a component to avoid changing. In the case of the chuck and switch, low
manufacturing scores are also a factor in their relative ease of change.

4.2.2 Feature-based Method
The Ryobi drill assembly is further broken down into the interfacing features for
each component. The resulting component and manufacturing information, coupling
index DSM, and change difficulty for the Ryobi drill assembly are included in Table 23,
Figure 20, and Table 24.
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Table 23: Component, interface, and manufacturing hours information for Ryobi
drill
Component
Battery

Right Cover

Left Cover

Motor
Motor
Connector

Gear
Housing

Chuck

Switch

Interface Features
clip boss (left)
clip boss (right)
top boss
base boss
holes
radial ribs (motor)
radial ribs (gear housing)
radial ribs (chuck)
battery slot
base
clip boss
alignment slots
switch slot
hole bosses
radial ribs (motor)
radial ribs (gear housing)
radial ribs (chuck)
battery slot
base
clip boss
alignment bosses
switch slot
Outside diameter
tabs
outside diameter
slots
outside diameter
inside diameter
outside diameter of end ring
holes
inside diameter
outside diameter
holes
right tab
left tab
boss
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#
Features
1
1
1
1
11
4
1
3
1
1
1
13
1
11
4
1
3
1
1
1
13
1
1
2
1
2
1
1
1
4
1
1
4
1
1
1

Man.
Hours
2.42
2.42
2.42
2.42
0.76
2.42
2.42
2.42
1.82
2.42
2.42
2.42
1.82
1.26
2.42
2.42
2.42
1.82
2.42
2.42
2.42
1.82
40
2.42
0.31
1.82
0.31
0.31
0.31
0.31
0.31
0.31
0.31
2.42
2.42
2.42

Total
Hours
2.42
2.42
2.42
2.42
8.36
9.68
2.42
7.26
1.82
2.42
2.42
31.46
1.82
13.86
9.68
2.42
7.26
1.82
2.42
2.42
31.46
1.82
40
4.84
0.31
3.64
0.31
0.31
0.31
1.24
0.31
0.31
1.24
2.42
2.42
2.42

Feature
ID
1.1
1.2
1.3
1.4
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
4
5.1
5.2
6.1
6.2
6.3
6.4
6.5
7.1
7.2
7.3
7.4
7.5
8
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The body of the DSM contains the coupling index calculations (see Figure 20),
and the two rightmost columns contain the feature difficulty of change and the overall
component difficulty of change (see Table 24). It should again be noted, that in the case
of the motor the assigned manufacturing hours are not based directly on DFM principles
because the motor is an outsourced subassembly. For this reason, any changes to the
motor would be very costly, and thus a relatively high value of 40 hours is assigned.
The results of the calculations identify the two covers and the motor as the
components that should be avoided during re-design. In the case of the covers, it is
largely because of a high degree of connectivity, while in the case of the motor it is due
to the high costs associated with any manufacturing changes. The results also identify the
switch as being the component that offers the greatest ease of change. However, in terms
of the objective of identifying a component for redesign in subsequent generations, the
switch offers little room for improvement. The results show that the battery has the
second lowest difficulty of change, and thus should be the component selected for redesign. The reason for the battery’s relatively low score is because of a low level of
connectivity and because it is not coupled to the motor while most of the other
components, to some degree, are.
The method does not clearly identify any features that offer the greatest ease of
change because of very similar manufacturing and coupling scores. It does, however,
identify the features coupled to the motor as having the highest difficulty of change. This
shows the importance of also including manufacturing costs in the difficulty of change
calculations, as just modeling connectivity would not have prioritized the motor as a
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component to steer clear of when making changes. The highest order of coupling in the
system is found to be fifth order.
Table 24: Feature and component difficulty of change calculation

Component
Battery

Right
Cover

Left Cover

Motor
Motor
Connector
Gear
Housing

Chuck

Switch

Interfaced Features
clip boss (left)
clip boss (right)
top boss
base boss
holes
radial ribs (motor)
radial ribs (gear housing)
radial ribs (chuck)
battery slot
base
clip boss
alignment slots
switch slot
hole bosses
radial ribs (motor)
radial ribs (gear housing)
radial ribs (chuck)
battery slot
base
clip boss
alignment bosses
switch slot
Outside diameter
tabs
outside diameter
slots
outside diameter
inside diameter
outside diameter of end ring
holes
inside diameter
outside diameter
holes
right tab
left tab
boss
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Feature change
difficulty
4.44
4.44
4.24
4.03
22.22
17.19
2.67
8.35
3.49
3.50
4.44
47.19
3.49
22.22
17.19
2.67
8.35
3.49
3.50
4.44
47.19
3.49
49.91
6.05
25.31
6.06
2.73
12.89
0.47
2.48
0.47
7.97
2.48
6.40
6.40
4.24

Component change
difficulty
17.15

112.53

112.53

49.91
31.36

24.62

23.71
4.24

4.2.3 Comparison of the Component and Feature Based Methods
To further evaluate the results from the component and feature based methods, the
overall ease of change rankings for the components of the Ryobi drill assembly are
presented in Table 25.
Table 25: Component ease of change rankings for both methods
Component

Component-based ranking

Feature-based ranking

Battery

3

2

Right Cover

7

7

Left Cover

7

7

Motor

6

6

Motor Connector

5

5

Gear Housing

4

4

Chuck

2

3

Switch

1

1

As shown in Table 25, the two methods produce the same overall trend with the
covers, motor, and motor connector being the most difficult to change, and the switch,
chuck, battery, and gear housing being the easiest to change. The biggest discrepancy
between the two methods is the relative score of the battery. The feature-based method
identifies it as a component that should be selected for change, but the component-based
method produces a lower ranking and relative score, identifying other components that
should be changed first. This discrepancy can largely be attributed to the way change is
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assessed in each method. The component-based method bases the manufacturing
difficulty of change on the size of the components. This means that a relatively large
component like the battery is assumed to be more difficult to change. The feature-based
method, however, is based on the type of interfaced features, and more importantly, the
number of interfaced features per component. The majority of the time, the two ways of
assessing manufacturing difficulty of change will lead to similar results because, in
general, a larger component will have more interfacing features. In the case of the
battery, however, this is not shown to be completely true because only the top part of the
battery is connected to other components, thus leading to less interfacing features than
smaller components like the gear housing and chuck.

4.3 BMW X5 Center Console Assembly
A BMW X5 center console assembly is analyzed using the proposed change
prediction method to identify which component(s) offer the greatest ease of change. For
simplification, only the key components that offer an opportunity for change are included
in the analysis. The BMW X5 center console assembly is seen below in Figure 21.
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(1)
(2)
(3)
(4)
(5)

Lower mount
Upper mount
Cup holder tray
Back tray
Left tray side piece

(6)
(7)
(8)
(9)
(10)

Right tray side piece
Left tray flap
Right tray flap
Large bracket
Small bracket

Figure 21: Schematic of the BMW X5 center console assembly
(from www.realoem.com)
The center console assembly differs from the previous two examples, in that it
does not allow for a clear decomposition from the component level to the feature level.
The components do not have distinguishable interfacing features, but instead interface on
a higher level, with entire sides of components interfacing with corresponding surfaces
on other components. Therefore, the center console assembly is only analyzed using the
component-based method. The DSM with the component difficulty of change values for
the BMW X5 center console assembly is seen below in Table 26.
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The results of the component difficulty of change calculations show that the upper
and lower mounts are the most difficult to change, while the left and right tray flaps offer
the greatest ease of change. The upper and lower mounts are identified as being difficult
to change, because they have high levels of connectivity and significantly higher
manufacturing scores. The high manufacturing scores are due to the size of the mounts
relative to the other components. As seen in Figure 21, the mounts are considerably larger
than the other components. The left and right tray flaps, on the other hand, exhibit much
lower difficulty of change scores than the other components in the assembly. This is
mostly due to the fact that they are the only components in the assembly that are not
directly coupled to either the upper or lower mount. Since the mounts have such high
manufacturing scores, the level of coupling between the mounts and the other
components account for the majority of the separation in the difficulty of change scores.
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CHAPTER FIVE
DISCUSSION OF THE PROPOSED CHANGE PREDICTION METHOD

The proposed change prediction method is demonstrated on three different
industry examples, and in one of the examples the method is also used as a guide for a
redesign. In this section, the insights from the three examples are discussed in general. A
summary of the overall results from the three industry examples is seen in Table 27.

81

Table 27: Difficulty of change results from BMW X5 headliner and center console
assemblies and the Ryobi handheld drill assembly
Component

BMW X5
Headliner
Assembly

Ryobi
Handheld
Drill
Assembly

BMW X5
Center
Console
Assembly

Component-based
method

Feature-based
method

Score

Ranking

Score

Ranking

Molded roof lining

177.5

3

28.9

2

Handles

176.4

2

19.3

1

Adaptor Plates

171.5

1

136.1

3

Clips

209.8

4

227.8

4

Battery

124.9

3

17.2

2

Right/Left Cover

176.0

7

112.5

7

Motor

153.8

6

49.9

6

Motor Connector

139.1

5

31.4

5

Gear Housing

125.4

4

24.6

4

Chuck

99.1

2

23.7

3

Switch

92.7

1

4.2

1

Lower Mount
Upper Mount

1882.9
1752.4

8
7

Cup Holder Tray

1346.2

6

Back Tray

849.5

3

Left/Right Tray Side Piece

1082.3

4

Left/Right Tray Flap

282.3

1

Bracket (large)

835.7

2

Bracket (small)

1088.9

5

When comparing the results of the component and feature based methods, the
same general trends and rankings are, for the most part, produced. The rankings for the
headliner assembly somewhat differ, but the scores for the component-based method are
close enough that the discrepancy could just be attributed to the uncertainty in the
manufacturing and coupling scores. Conceptually, the feature-based method should
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produce a better and more accurate representation of the change propagation, because it is
the more detailed approach and only focuses on the areas that are affected by change
(Hypothesis 3). This can be seen in the differences in the results of the two methods for
the headliner assembly. The component-based scores for the molded roof lining and
handles are somewhat inflated, because the manufacturing scores are based on the
assumption that a change will affect the whole component. In reality, the handles would
not be greatly affected by change propagation because only the interfaces on each end of
the handles would have to be changed. Similarly, the only feature of the molded roof
lining that interfaces with the rest of the assembly are eight holes, which represent a small
percentage of the overall size of the component. Therefore, the component-based method
will only produce entirely accurate results if there is a trend between the size of a
component and the size/number of interfaces. The component-based method may provide
a sufficient analysis in some cases, such as with the drill assembly, but the feature-based
method is shown to produce more accurate and detailed results. The one drawback of the
feature-based method, as compared to the component-based method, is that it is more
time consuming and requires more knowledge of the system. This means that it may not
be able to be completed during the earlier stages of detailed design, until all the features
are finalized. The overall difficulty of change scores for both methods for the three
industry examples are seen below in Figure 22.
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Overall difficulty of change

12000
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Componentbased method
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Feature-based
method

2000
0
Headliner

Drill

Center Console

Figure 22: Overall difficulty of change scores for the component and feature based
methods for all three industry examples
As shown in Figure 22, the overall difficulty of change produced by component-based
method is significantly greater than that produced by the feature-based method. This
difference in scale is expected, as the two methods base the manufacturing costs on
different DFM assessments that are not comparable. Therefore, the results from the two
methods cannot be directly compared, but must instead be assessed based on their relative
rankings.
To gain a better understanding of the proposed change prediction method, the
resulting difficulty of change scores from the three industry examples are analyzed to
identify the important determining factors. The effect of the number of features per
component on the resulting difficulty of change score is seen in Figure 23.
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Figure 23: Difficulty of change versus the number of features per component
The data shows that a positive correlation exists between the number of interfacing
features on a component and the resulting difficulty of change score. The outlier in the
upper left of the graph is the data point for the clips. It falls outside the general trend
because it is a stamped component, while the rest are injection molded. If more stamped
components had been included in the analysis, it can be inferred that a similar correlation
would have formed, but with higher difficulty of change scores.
The effect of the initiating component’s manufacturing cost on the resulting
difficulty of change is shown in Figure 24 for the component-based method and Figure
25 for the feature-based method. These manufacturing costs are based on relative
estimates that are used for comparison purposes in the method, and do not represent the
actual cost of the components. The component manufacturing costs for the componentbased method derive from the tooling time estimates that are based solely on the size of
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each component. The component manufacturing costs for the feature-based method are
based on the total tooling hours required for the interfacing features of each component.
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Difficulty of change
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0
0.0

200.0
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Initiating component's manufacturing cost (component-based method)

Figure 24: Initiating component’s difficulty of change versus manufacturing cost for
the component-based method

250

Difficulty of change

200
150
100
50
0
0

50

100

150

200

250

Initiating component's manufacturing cost (feature-based method)

Figure 25: Initiating component’s difficulty of change versus manufacturing cost for
the feature-based method
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For both methods, a positive trend is shown to exist between the initiating components’
manufacturing costs and the resulting difficulty of change values. This indicates that the
initiating component’s manufacturing cost is a fairly good predictor of its difficulty of
change, and thus that on average the coupled components have less of an effect. The
spread of the data does not form a completely consistent trend, however, which means
that while the initiating components’ manufacturing costs are probably the largest factor,
the coupled components still have an effect. In Figure 26, the average component
difficulty of change, normalized per unit projected area, for each manufacturing process
is compared for both methods.

Average component difficulty of
change per unit projected area (cm^2)

3.5
3
2.5
Componentbased method

2
1.5

Feature-based
method

1
0.5
0
Injection molded/Die cast Stamped

Waterjet machined

Figure 26: Average component difficulty of change (normalized per unit projected
area) for each manufacturing process
As seen in Figure 26, changing an injection molded part on a component level is
relatively difficult, while changing the individual features of an injection molded part is
relatively easy. For a stamped part the opposite is shown to be true, as it is relatively
easier to change a stamped part on the component level than the feature level.
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Conceptually this makes sense, because a change to a stamped feature requires the
redesign of a whole station, while a change to an injection molded feature requires just
that specific area to be re-machined. On an overall component level, the size of a part
does not have as much of an effect on the cost of stamping as it does injection molding.
Waterjet machined components are shown to be the least difficult to change, which is
expected because it is a relatively cheap and easy to change process. Normally waterjet
machined components would be easier to change, but the molded roof lining is supported
by a corresponding aluminum mold during cutting, which adds to the change difficulty.
The effect of a component’s total level of coupling on the resulting difficulty of
change score is seen in Figure 27 for the component-based method and Figure 29 for the
feature-based method. A graph including just the drill and headliner assemblies is shown
in Figure 28 for the component-based method.
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Figure 27: Component difficulty of change versus total level of coupling for the
component-based method
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Figure 28: Component difficulty of change versus total level of coupling for the
component-based method (drill and headliner assemblies only)
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Figure 29: Component difficulty of change versus the total level of coupling for the
feature-based method
In Figure 27, there does not appear to be an overall trend, but a positive trend can be seen
for just the center console components. The center console components are the points
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with the higher difficulty of change values that form an upward trend. A plot of just the
drill and headliner (Figure 28), confirms that the two assemblies are the cause for a lack
of an overall trend. The reason that only the center console components form a trend is
probably because they have higher and more separated manufacturing scores. The degree
of coupling becomes more significant when it is multiplied by large manufacturing scores
such as those of the upper and lower mounts. In Figure 29, no real trend is evident, but it
can be seen that increasing the level of coupling does have an effect on some of the
component difficulty of change scores. Overall, the total level of coupling does have an
effect on the difficulty of change, but it is not as good of a predictor as the initiating
component’s manufacturing score.
The effect of a component’s level of direct coupling on the resulting difficulty of
change score is seen in Figure 30 and Figure 31 for the component-based method and
Figure 32 for the feature-based method.
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Figure 30: Component difficulty of change versus the level of direct coupling for the
component-based method
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Figure 31: Component difficulty of change versus the level of direct coupling for the
component-based method (drill and headliner assemblies only)
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Figure 32: Component difficulty of change versus the level of direct coupling for the
feature-based method
A comparison of the graphs for the total and direct coupling levels shows that, for the
most part, the point spread remains consistent for both measures. This indicates that the
directly coupled components/features have a much greater effect on the resulting
difficulty of change than the indirectly coupled components/features. This is expected, as
the probability of change propagating from one component to the next decreases as the
order of coupling increases. A closer comparison of the component-based graphs also
shows that although the same general trend still exists, the difference between the graphs
for the total and direct levels of coupling is larger than that of the feature-based graphs.
This indicates that indirect coupling has more of an effect in the component-based
method than the feature-based method. Conceptually, this makes since because the
feature-based method offers a more detailed representation that focuses in on the
interfaces between features instead of components. In general, a change is less likely to
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propagate from one of a component’s features to the others, because on a feature level the
effect of a change is localized to the individual interfacings features instead of the whole
component.
In Table 27, another trend that can be seen across the three industry examples is
that the structural components in all the assemblies are identified as being the most
difficult to change. In the center console assembly the upper and lower mounts are the
most difficult to change, while in the Ryobi drill assembly the two covers are the most
difficult to change. In the headliner assembly the adaptor plates can be considered the
structural components, and they also have the highest difficulty of change. These results
tend to support the established industry standard of having set structural components and
only changing the visual components that the user interacts with. This suggests that
significant time should be spent during the initial design of a product on the structural
components so that they can remain set during subsequent generations or re-designs. In
order to lower the probability that change will propagate to the structural components,
design effort must be spent on either creating set, uniform interfaces or lowering the
coupling at the interfaces. The Ryobi drill design is different than the other two designs,
in that its structural components (right/left covers) are also visual components that will
change generation to generation. From an ease of change perspective this is not optimal,
and without taking size constraints into account, a better design would be to have a
structural backbone inside the drill that all the components attach to. This would
significantly lower the cover’s level of coupling, thus making them easier to change. This
idea goes against the objective of a one-to-one mapping between the physical architecture
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and functions of a product that Suh stresses, and instead suggests adding non-functional,
structural components to a design. One area in industry where this is especially prevalent
is with mass customization products. In order to make a mass customization product
economically viable, the numerous changes that are offered have to be cost effective and
have as little impact as possible. An example of this can be seen in the BMW X5 center
console, which has dozens of different setups that are available to the customer. The
structural components (upper and lower mounts) that are difficult to change are set, while
all the easier to change visual components are switched out. Essentially, the center
console is much like a chassis type design. The upper and lower mount fit together to
form the large structural component or chassis that all the smaller, interchangeable
components connect to. The interfaces are then kept as constant as possible to lessen
change propagation.
The manufacturing costs and coupling calculations that are used in the change
prediction method are approximations that do not always provide accurate
representations, and to some degree, are affected by human interpretation. This makes it
necessary to evaluate the effect of uncertainty in the manufacturing cost and coupling on
the final results. To assess the sensitivity of the difficulty of change results, the coupling
is first held constant while an uncertainty of +/- 10% is applied to all the manufacturing
costs. The resulting uncertainty for the component-based method is seen in Figure 33,
Figure 34, and Figure 35 for the headliner, Ryobi drill, and center console assemblies.
The uncertainty for the feature-based method is seen in Figure 36 and Figure 37 for the
headliner and Ryobi drill assemblies.
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Figure 33: Uncertainty of the component difficulty of change values for the
headliner assembly due to a +/- 10% uncertainty in manufacturing costs
(component-based method)
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Figure 34: Uncertainty of the component difficulty of change values for the Ryobi
drill assembly due to a +/- 10% uncertainty in the manufacturing costs (componentbased method)
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Figure 35: Uncertainty of the component difficulty of change values for the center
console assembly due to a +/- 10% uncertainty in manufacturing costs (componentbased method)
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Figure 36: Uncertainty of the component difficulty of change values for the
headliner assembly due to a +/- 10% uncertainty in manufacturing costs (featurebased method)
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Figure 37: Uncertainty of the component difficulty of change values for the Ryobi
drill assembly due to a +/- 10% uncertainty in manufacturing costs (feature-based
method)
The analysis shows that an uncertainty of +/- 10% for the manufacturing costs has a
substantial effect on the overall results for the component-based method. The uncertainty
causes overlap in many of results, which means that the rankings cannot be assigned with
a high level of confidence. The uncertainty analysis of the feature-based method, on the
other hand, shows very little sensitivity to changes in the manufacturing costs. The
overall rankings are unaffected, and thus can be held with confidence.
The sensitivity to changes in the total level of coupling is then evaluated by
holding the manufacturing cost constant. The uncertainty in the coupling index values
derives from the level of constraint values, which are an approximation and depend on
interpretation. Values of 1 and 0 for the level of constraint are assumed to hold zero
uncertainty, as they represent either full dimensional constraint or no dimensional
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constraint. All different levels of constraint in-between those two values are assigned a
0.5 for half dimensional constraint, so inherently there is uncertainty in the value. An
uncertainty of +/- 20% is applied to all the 0.5 values for level of constraint. The resulting
uncertainty in the difficulty of change scores for the component-based method are seen in
Figure 38, Figure 39, and Figure 40 for the headliner, Ryobi drill, and center console
assemblies. The uncertainty in the difficulty of change scores for the feature-based
method are seen in Figure 41 and Figure 42 for the headliner and Ryobi drill assemblies.
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Figure 38: Uncertainty of the component difficulty of change values for the
headliner assembly due to a +/- 20% uncertainty in the coupling index (componentbased method)
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Figure 39: Uncertainty of the component difficulty of change values for the Ryobi
drill assembly due to a +/- 20% uncertainty in the coupling index (component-based
method)
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Figure 40: Uncertainty of the component difficulty of change values for the center
console assembly due to a +/- 20% uncertainty in the coupling index (componentbased method)
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Figure 41: Uncertainty of the component difficulty of change values for the
headliner assembly due to a +/- 20% uncertainty in the coupling index (featurebased method)
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Figure 42: Uncertainty of the component difficulty of change values for the Ryobi
drill assembly due to a +/- 20% uncertainty in the coupling index (feature-based
method)
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The results of the uncertainty analysis again show that the component-based method is
very sensitive to any uncertainty in the coupling index calculations. The overlap between
many of the components is significant enough that the exact rankings cannot be held in
confidence. The method is still accurate enough, however, to identify the general
difficulty of change groupings that the components fall into. The feature-based method,
on the other hand, is again shown to be relatively insensitive to any uncertainty in the
coupling index calculations. For the most part, the rankings are still definable, and the
method produces more of a separation between the scores, which adds to the confidence
level. Overall, the uncertainty analysis identifies the feature-based method as being more
accurate and reliable, because it is shown to be less sensitive to uncertainty and it
produces more definition in the results.
The change difficulty calculations in the proposed change prediction method base
the coupling between two components on the propagation path of highest probability.
The path of highest probability represents one way to model the propagation of change
between components; another commonly used model is a total path representation. A
total path representation models all the propagation paths between the root component
and the other components in an assembly. To assess the effect of the propagation path
representation on the final change difficulty values, Table 28 shows a comparison of the
results produced using highest probability and total path representations for the Ryobi
drill assembly.
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Table 28: Comparison of change difficulty results for highest probability and total
path representations for the Ryobi drill assembly
Component-based method

Feature-based method

Path of highest
Total path
probability
Score
Ranking Score Ranking
124.9
336.6
3
2

Path of highest
Total path
probability
Score Ranking Score Ranking
17.2
2
2
17.2

Right/Left
Cover
Motor

176.0

7

406.0

5

112.5

7

115.7

7

153.8

6

365.9

4

49.9

6

50.0

6

Motor
Connector
Gear Housing

139.1

5

433.4

7

31.4

5

34.9

5

125.4

4

431.3

6

24.6

4

27.6

4

Chuck

99.1

2

358.7

3

23.7

3

25.0

3

Switch

92.7

1

319.4

1

4.2

1

4.2

1

Components
Battery

The results of the comparison show that the type of path representation has little effect on
the results of the feature-based method. As discussed earlier, this is largely due to the fact
that in the feature-based method the effects of change are localized to the individual
interfacing features, so the occurrence of indirect coupling is much lower. This causes the
propagation trees to be considerably smaller and more manageable, which is why the
results from the total and highest probability path representations are so close. One other
reason is that the manufacturing scores are, on average, lower for the feature-based
assessment. This lessens the effect of any additional propagation paths that are not
modeled in the highest probability path representation.
The magnitudes of the results for the component-based method vary greatly
between the two representations, but the same overall trend still exists. The large
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difference in the values shows how much bigger and more cumbersome the propagation
trees are for the component-based method. The component-based method contains far
more indirect coupling and propagation paths, which leads to more redundant coupling in
the difficulty of change calculations. However, since the same overall trend still exists,
the type of path representation is again shown to have little effect on the end results.
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CHAPTER SIX
CONCLUSIONS AND FUTURE WORK

6.1 Answering the Research Questions
As outlined in the first chapter of this thesis, the principle objective of this
research is to develop a change prediction method to better model the change
propagation within a system, and assess the difficulty and cost of initiating changes.
Specifically, the focal point of this research is to develop a change prediction method that
is based on objective measures of component/system coupling and manufacturing change
costs. To accomplish this principle objective, four research questions are formulated and
outlined in Chapter 1. These research questions are recalled here as follows.
Research Question 1a: What factors affect change propagation and impact, and
how can they be incorporated into a simple and effective method of predicting
change?
Research Question 1b: What form of modeling will be most efficient in
incorporating the determining factors?
Research Question 2: Can the proposed method be used as a tool during the
initial design of a product to optimize its overall ease of change?
Research Question 3: What are the benefits and costs of modeling a product at
the feature level over the component level?
Research question 1a addresses the need to identify the determining factors in change
propagation and impact. In section 2.1, research literature concludes that the connectivity
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within a system, or more specifically the level of coupling between components, is a
good predictor of how change will propagate through a system. A coupling index (CI)
(detailed in section 3.3) is developed to assess the level of direct coupling between
components/features, and is based on the level of dimensional constraint of the
parameters. The indirect coupling within a system is modeled by multiplying the
coupling index values together to produce a decreased probability for higher orders of
coupling. To evaluate the level of effort that is required for each individual change that
occurs as a result of change propagation, current change management strategies (detailed
in section 2.3) include a measure of the cost or impact of a change to a component.
However, the measures that are currently utilized in change prediction methods are
dependent on speculation or previous historical change data. A more objective measure
of the cost of a change is provided by integrating design for manufacturing (DFM)
information into the model. This is detailed in section 3.2. Results from the three industry
examples show the manufacturing cost associated with changes as a significant factor in
determining the overall difficulty of change. In fact, Figures 24 and 25 show that the
relative manufacturing cost of changing the initiating component is a good predictor of its
overall difficulty of change. Furthermore, Figure 26, along with the results in Table 27,
show that the process used to manufacture a component has a significant impact on its
resulting overall difficulty of change.
Research question 1b addresses the need for a model that will represent the
connectivity and manufacturing estimates in an effective and efficient way. Section 2.2
details the different change propagation representations, and their respective strengths
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and weaknesses. A design structure matrix (DSM) is shown to offer a good model for
change prediction because it is a concise means of data representation, and it is easy to
interpret and populate. A DSM is also easily integrated into software, which allows for
efficient calculations and the ability to analyze more complex systems.
The proposed change prediction method is primarily used as a tool during the
redesign of a product, but extending its application to the initial design of product would
add to its value during concept development. This need is addressed in research question
2. Section 4.1.4 details the redesign of the BMW X5 headliner assembly, and
demonstrates that method can also be a valuable tool during the design of a new product.
While it does not provide a precise guide for the design of a product, it does offer
recommendations for the features, interfaces, and manufacturing types that will result in a
lower overall difficulty of change. This allows engineers to assess initial design plans and
make strategic decisions on which areas could be improved to offer greater change
flexibility. In the redesign of the BMW X5 headliner, the method is able to identify the
components and features that offer room for improvement, and the result is that the
overall and average change difficulty are cut in half.
Traditionally a system’s connectivity is modeled on the component or subsystem
level. The proposed change prediction method also analyzes a system on the feature
level, by modeling the relationships between the interfacing features. Research question 3
addresses the benefits and costs of this more detailed analysis, as opposed to the
traditional component level analysis. The results of the three industry examples, as
presented in Table 27, show that the feature-based method provides a better
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representation of change, and thus produces more accurate results than the componentbased method. The component-based method assumes that a change will affect the whole
component and thus all of its coupled components. This can lead to inflated difficulty of
change values, because often times a change will only affect a component locally at its
interfaces. This is why in some instances the feature-based method produces more
accurate results. Other advantages of the feature-based method are that it produces more
definition between the results, and is less sensitive to uncertainty in the manufacturing
and coupling estimates. This creates more confidence in the accuracy of the results, and
allows for an easier selection of which component(s) to change. Figures 33 through 42
show that the feature-based method, for the most part, maintains the same relative
rankings when an uncertainty of +/- 10% for the manufacturing scores and +/- 20% for
the coupling values is introduced. On the other hand, the component-based method shows
significant overlapping in the rankings. The final advantage of the feature-based method
is that it is also insensitive to the path representation that is used. Table 28 shows that the
feature-based method produces the exact same rankings for both a total and highest
probability path representation. The component-based method produces the same general
rankings, but several component rankings are switched. While the benefits are
substantial, they do come at a cost. The feature-based method is more time consuming
than the component-based method due to the additional information and detail that is
required. Also, it requires more knowledge of the system that may not be available during
the earlier stages of detailed design until all the features are finalized.
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Overall, the proposed change prediction method produces realistic results, and is
able to reliably identify the component(s) that offer the greatest ease of change. The
method is based on objective measures of component/system coupling and manufacturing
change costs, which allows for a wide-ranging applicability and improves consistency.
Furthermore, the method proves to be a valuable tool that can be used during the initial
design of a product to assess and improve its overall ease of change.

6.2 Method Validation
The proposed method is a prescriptive model for evaluating manufacturing
change, and thus cannot be validated solely through empirical means. Therefore,
confidence in the validity and usefulness of the method must be built through both
quantitative and qualitative measures [54, 55]. The first step in building confidence in the
validity of a method is accepting the validity of the individual constructs that constitute
the method. This can be achieved by basing a method on reliable resources that are
widely accepted, and provide insight into the intended purpose of the method [54]. The
proposed method draws from well-established literature on change propagation and
management. The method is broken down into four steps that are based on inputs from
valid resources. Steps 1 and 3 produce a model of a system’s connectivity that is
consistent with accepted literature on system decomposition, DSMs, and coupling
measures. Step 2 uses design for manufacturing (DFM) assessments that are the result of
extensive industry studies as a basis for evaluating an individual component/feature’s
cost of change. Step 4 draws from the results of the previous steps to produce the final
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change difficulty values. Because each step is based on a valid input, it is likely that the
anticipated outputs will occur [54]. As a result, confidence can be built in the method’s
internal consistency.
The method must also be shown to fulfill the prescribed requirements for its
intended purpose. In Chapter 1, the identified requirements for an effective change
prediction method are detailed. For the proposed method to be valid, it must adequately
address all the requirements. A list of the requirements, and a discussion of how the
method addresses them, is provided in Table 29.
Table 29: Evaluation of the proposed method against the prescribed requirements
Requirements
Evaluate the level of coupling
between components to assess
the probability of change
propagating from one
component to another
Assess the manufacturing
costs associated with changes
Model the connectivity within
a system, including the direct
and indirect coupling, and the
resulting propagation paths
Identify the sub-systems that
should and should not be
targeted for change
Evaluate the relative design
effort required for redesigns
Be computationally practical
Be easily integrated into
software
Identify areas and means for
improving the overall ease of
change of a system

How the Method Addresses the Requirements

A coupling index (CI) is developed to assess the level
of physical constraint between components/features.
DFM information is incorporated to provide a relative
assessment of a component/feature’s cost of change.
A DSM populated with CI values is used to model the
direct links in a system. The direct CI values are
multiplied together to model the indirect coupling and
full extent of the propagation paths.
Change difficulty calculations provide a relative
assessment of the sub-systems that should and should
not be targeted for change.
A comparison of the change difficulty values provides
a relative assessment of the required design effort.
The computations are minimized by using tabulated
data and a highest probability path representation.
A matrix-based model is used to allow for integration
into any computational software.
The method is able to identify features, interfaces,
and manufacturing types that will lower a product’s
overall ease of change
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The next step in building confidence in the validity of the method is accepting the
appropriateness of the example problems with respect to the intended application of the
method [54]. The proposed method is demonstrated on three industry examples: BMW
X5 headliner and center console assemblies, and a Ryobi drill assembly. These examples
are mass produced systems, so standard manufacturing and assembly processes are used.
Each system has undergone change and refinement, with cost being a key consideration.
The examples represent different types of systems and thus demonstrate the wide-ranging
applicability of the method. The center console is a customizable system that contains a
wide array of components in terms of both size and complexity. The Ryobi drill is a selfcontained, generational product. The headliner is a subsystem with numerous recurring
components, and different manufacturing processes.
The final step in demonstrating the method’s usefulness is to assess the validity of
the results produced in the three industry examples. Although the results from the method
cannot be empirically validated, confidence in their validity can be built through logic
and intuition [55]. Conceptually, the results from the method consistently align with the
logical outcome based on the change difficulty factors identified in literature. The larger,
structural components that exhibit a high degree of connectivity are shown to be the most
difficult to change, while the smaller, accessory components are shown to be the easiest
to change. Furthermore, the results are consistent with manufacturing standards, as
stamped components are generally found to be more difficult to change. Finally, the
results from the method for the headliner example are in line with changes made by an
automotive OEM to address assembly problems.
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6.3 Future Work
The research that is presented in this thesis is a starting point for the proposed
change prediction method, as several avenues for future work still exist. Further accuracy
and value can be obtained by including other means of manufacturing in the scheme, and
modeling larger, more complex systems to judge whether the method retains its
effectiveness. The clustering of changes should be studied, as it may provide a way to
simplify the analysis of complex systems. The effects on the scheme of the inclusion of a
components’ functional importance should also be considered. The initial results of this
research indicate that a component’s manufacturing cost of change could be a predictor
of its overall difficulty of change. Through the analysis of more products, the strength of
this trend can be assessed, and possibly lead to a simpler means of predicting change
difficulty. One final avenue of future work is to further research and test the applicability
of the method during the design of new products. Could the method be used to establish
the physical architecture of a product? Could the information required to populate the
method be directly extracted from a CAD model? This would allow for different physical
configurations of a product to be rapidly evaluated during early design stages, and
through further development, could allow for a product’s ease of change to be optimized
based on inputted parameters.
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APPENDIX A
COMPUTER PROGRAM MANUAL

A MATLAB (version R2009a) program is used to calculate the resulting difficulty of
change values from the coupling matrix and manufacturing scores. A flow chart of the
procedure that should be followed to run the program is shown below in Figure A1. The
code for the program is shown following the flow chart.

Figure A1: Flow chart
The commented code for the MATLAB program:
clear
%read in the manufacturing scores vector from sheet two in the Excel
file
[num1] = xlsread('drillmatrix.xlsx',2);
l=length(num1);
effort=0;
a=1;
z=0;pos=0;
coupling=zeros(1,l);
%loops through and calculates the difficulty of change for each
%feature/component
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for i=1:l
%read in the coupling dsm from sheet 1 in the excel file
[num] = xlsread('drillmatrix.xlsx',1);
%creates a matrix of zeroes and enters the vector for 1st order
%coupling in the first row
matrix=zeros(l);
matrix(1,:)=num(i,:);
num(:,i)=0;
%enters the vectors for 2nd order coupling in the matrix and saves
%their positions
for j=1:l
if num(i,j)>0
a=a+1;
num(j,j)=0;
matrix(a,:)=num(j,:)*num(i,j);
num(j,:)=num(j,:)*num(i,j);
pos(1,a-1)=j;
end
end
%enters the vectors for 3rd and above order coupling in the matrix
%until the propagation path ends
while pos>0
pos1=pos;
pos=0;
for k=pos1
for b=1:l
if num(k,b)>0
a=a+1;
z=z+1;
num(b,b)=0;
matrix(a,:)=num(b,:)*num(k,b);
num(b,:)=num(b,:)*num(k,b);
pos(1,z)=b;
end
end
end
z=0;
end
z=0;pos=0;
%Calculates the difficulty of change by multiplying the max
%coupling for each component/feature by the manufacturing scores
%vector
for x=1:l
coupling(1,x)=max(matrix(:,x));
end
effort=coupling*num1';
%For a total path representation, substitute the preceding for loop
%with the following for loop:
%
o=length(matrix);
%
for x=1:o
%
coupling=matrix(x,:)*num1';
%
effort=effort+coupling;
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%

end

a=1;
%creates a vector of the difficulty of change values for all the
%features/components
total_effort(i,1)=effort;
effort=0;
coupling=zeros(1,l);
end
disp(total_effort)
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